. Partially single-stranded perhaps exclusively, by a strand-coupled mechanism, replication intermediates detected in the same DNA which incorporates a significant number of ribonucleopreparations were assumed to derive from the pretides during synthesis. Partially single-stranded "repliviously described, strand-asymmetric mode of mitocation intermediates" observed previously, which we chondrial DNA replication. Here, we show that bona ascribed to the orthodox strand-asymmetric replication fide replication intermediates from highly purified mimode, are thus attributable to an artifact of extraction. tochondria are essentially duplex throughout their length, but contain widespread regions of RNA:DNA Results hybrid, as a result of the incorporation of ribonucleotides on the light strand which are subsequently conRibonucleotides Persist in Rat Liver mtDNA verted to DNA. Ribonucleotide-rich regions can be Ribonucleotides have been reported previously to redegraded to generate partially single-stranded molside in mammalian mtDNA (Grossman et al., 1973), and ecules by RNase H treatment in vitro or during DNA Clayton and colleagues recognized that the numbers extraction from crude mitochondria. Mammalian mitowere significant (Brennicke and Clayton, 1981). We chondrial DNA replication thus proceeds mainly, or therefore used a combination of nucleases: RNase H, exclusively, by a strand-coupled mechanism.
Introduction rat liver mtDNA. A schematic map of the rat mitochondrial genome is shown in Figure 1A . RNase H treatment For almost 30 years, it has been known that non-replicating mammalian mitochondrial DNA (mtDNA) contains of rat liver mtDNA resulted in a 74% decrease in signal ( Figure 1B ), whereas this was not the case for plasmid DNA (pcDNA3.1, Invitrogen) (data not shown). Almost (B) Triplicate samples of rat liver mtDNA, derived from gradient purified mitochondria, were separated in one dimension on a 0.4% agarose gel, transferred to solid support, and hybridized to radiolabeled total rat mtDNA. Lanes 1-3, untreated mtDNA. Lanes 4-6, Rat mtDNA treated with one unit of RNase H for 60 min at 37ЊC. Lanes 7-9, S1 nuclease-treated mtDNA, one unit for 10 min, one unit for 60 min, and 10 units for 60 min respectively, all at 37ЊC. Lanes 10-12, RNase One-treated mtDNA, one unit for 60 min at 37ЊC. n/c -nicked circular molecules, s/c and c/c-supercoiled and presumed non-supercoiled closed-circular molecules, respectively. Essentially the same result was obtained when mtDNA from crude preparations of rat liver mitochondria were treated with these enzymes (see Experimental Procedures for details). (C) Rat mtDNA contains alkali-sensitive sites, which are distributed throughout the molecule on both strands. Three aliquots of rat mtDNA were treated without alkali (lanes 1-3) and five aliquots were treated with 0.05 M NaOH for 1, 2, 4, 8, or 24 hr (lanes 4-8). After neutralization, samples were separated on a 0.8% agarose gel, transferred to solid support, and hybridized to probe 2. The same result was obtained when the filter was stripped and rehybridized sequentially to strand-specific forms of probe 7 (data not shown). Human placental mtDNA was similarly alkali-sensitive (see Supplemental Figure S2a available at http://www.cell.com/cgi/content/full/111/4/495/DC1), whereas a closed circular E. coli plasmid was not degraded after incubation with 0.05 M NaOH (D). (E) Heat treatment of rat mtDNA. The major species generated by heat treatment were detected by probes spaced all around the genome, and both strands were represented at similar abundance, taking into account the representation of the radiolabeled nucleotide, although the intact H-strand appeared slightly more sensitive to heat than the L-strand. All lanes contain an equal amount of rat liver mtDNA extracted from gradient-purified mitochondria. E1, Lane 1, unheated control, lane 2, 98ЊC for 1 min, lane 3, 98ЊC for 5 min. The filter was hybridized with (duplex) probe 2. Heat treatments of longer than 5 min produced a smear of fragments similar to NaOH treated samples in (C) (data not shown). E2, the same filter shown in E1 was stripped and rehybridized with riboprobe C, specific for H-strand mtDNA. Y-like arcs. The latter were at considerably greater relaa smear of products the modal size being approximately tive abundance in rat liver mtDNA prepared from su-500 bp, suggesting that scattered ribonucleotides are crose gradient-purified mitochondria ( Figure 3B ) than in distributed randomly around the genome, at least in a rat liver mtDNA extracted from mitochondria prepared majority of non-replicating molecules. The same alkali more crudely, by differential centrifugation alone (Figure treatment did not degrade control plasmid DNA ( Figure  3A , see Experimental Procedures for details). From 1D). Strand-specific riboprobes to each strand of the cruder mitochondrial preparations, slow-moving arcs region np 7991-8404 revealed a similar pattern of degrawere either a minor component or else absent altodation products (data not shown). As neither strand of gether. mtDNA was spared, ribonucleotides are deemed to be Slow-moving Y-like arcs have been reported prepresent in both strands of rat liver mtDNA (see also viously in yeast mtDNA (Lockshon et al., 1995) . However, Figure 1E ). RNA is also highly sensitive to heat; heat those observed here differed in two respects, in that treatment also led to mtDNA fragmentation. However, they were not perfect iterations of standard Y arcs, nor when the heat treatment was sufficiently brief, singlewas there any accompanying recombination or X arc. stranded species were detected (Figure 1, E2 and E4).
On this basis, the slow-moving arcs cannot represent All bands hybridized to probes from around the rat mitorecombination intermediates. Rather, they appear to be chondrial genome (probes 2-7) and therefore must be products of incomplete digestion, since each slow-movfull or near full-genome length fragments. As each strand ing arc was detected by probes for two or more adjacent of non-replicating rat mtDNA had a similar propensity restriction fragments of mtDNA. For example, slowto fragment, the ribonucleotide content appears to be moving arc b of BclI digested rat liver mtDNA was desimilar for the two strands. Ribonucleotides are found tected by a probe for the fragment np 12,012-15,861 most frequently at intervals of approximately 500 bp, ( Figure 3C ), but also by a probe for the adjacent fragment hence a typical molecule of rat liver mtDNA is likely to spanning np 15,861-2,340 ( Figure 3D ). contain at least 30 ribonucleotides.
Although the slow-moving arcs contained two or more contiguous restriction fragments of mtDNA, there was no decrease in signal of the slow-moving arcs after proJunction-Containing Mitochondrial DNA Molecules, Which Are Partially Singlelonged digestion, or after digestion with increased amounts of restriction enzyme, nor did repeated phenolStranded, Are RNase Sensitive The first finding that led us to reexamine the issue of chloroform extraction prior to digestion affect the integrity of slow-moving arcs (data not shown). Therefore, ribonucleotide occurrence in regard to mammalian mtDNA replication was the observation that the presumed the failure of the restriction enzyme to cut a significant portion of sites in the RIs was not due to incomplete strand-asymmetric, partially single-stranded replication intermediates (RIs) from all around the mitochondrial digestion, but must have been due to the structure of the RIs themselves. In the case of BclI, the site at np genome, visualized by two-dimensional agarose gel electrophoresis, were RNase One sensitive, as well as 7654 remained uncut in some mtDNA molecules, whereas that at np 2340 remained uncut in other mole-S1 nuclease sensitive in mouse (Figure 2A ). The only difference between the two treatments was the appearcules. In some molecules, both these sites resisted digestion. Only the site at 12,012 was cut in all molecules ance, after RNase One treatment, of much larger limit digestion products, estimated to be in the range 100 bp contributing to the slow-moving arcs. The slow-moving arcs associated with BclI digests to several kilobases ( Figure 2A ). The same phenomenon was observed when rat mtDNA was treated with RNase ( Figure 3B and 3C) could potentially be explained by single-strand bridges linking two or more fragments, as One ( Figure 2B ). The fragments must be composed of DNA, since they were destroyed by S1 nuclease treatthe enzyme is unable to cleave single-stranded DNA. However, slow-moving arcs were also detected in rat ment either instead of ( efficiently cleaved under conditions where the slowSlow-Moving Y-Like Arcs Are Resistant to RNase One moving arcs remained refractory to further digestion (data not shown). Therefore, the failure to cleave must In crude mtDNA preparations, only the material forming a standard Y arc remained unmodified after RNase One have resulted from the presence of one or more nonstandard bases at the restriction site itself. As non-replitreatment ( Figure 2B and Figure 4B ), whereas the slowmoving arcs associated with mtDNA from gradient-puricating rat mtDNA is RNase H sensitive ( Figure 1B) , it was inferred that the failure to cut might be due to ribofied mitochondria were partially resistant to RNase One ( Figures 4D and 4F ). nucleotides at the restriction sites.
Slow-moving arcs were detected also in mouse liver Slow-moving arcs were also present in human placental mtDNA extracted from purified mitoplasts (Figure mtDNA samples purified on sucrose-gradients ( Figures  3K and 3L ), whereas these arcs were not detected in 4G), whereas they were absent from human placental mtDNA extracted from mitochondria prepared by crude cruder mitochondrial preparations (Holt et al., 2000) . differential centrifugation (Holt et al., 2000) . The slowment with RNase H before AccI digestion essentially abolished the slow-moving arcs ( Figure 5B ). This was moving arcs of human mtDNA were, like their rat counterparts, partially resistant to RNase One treatment (Fig- true also of restriction digests such as BspHI ( Figure  5D ), in which single-stranded DNA is not cut. In fact, ure 4H).
RNase H digestion resulted in a substantial reduction in overall signal from replication intermediates, as from Slow-Moving Y-Like Arcs Are RNase H Sensitive
Using RNase H, we tested whether the failure to cut the unit-length fragment ( Figure 5A versus Figure 5B ). This implies that ribonucleotide patches are at least relevant restriction sites, giving rise to slow-moving arcs, was due to the presence of ribonucleotides. Treatas frequent in replicating as in non-replicating mtDNA. the appearance of junctional species equivalent to those seen in crude mtDNA preparations (compare Figure 5F with Figure 3A) . Note that more extensive RNase H digestion of gradient-purified mtDNA (e.g., Figure 5B ), as Moreover, such patches must frequently be almost coincident on the two strands, such that RNase H digestion well as RNase H digestion of crude mtDNA ( Figure 6H ), eliminated these sub-Y species. Sub-Y arcs were also in effect abolishes the extended duplex character of the RIs in question, degrading them to short fragments. sensitive to both S1 nuclease and RNase One (data not shown). The slow-moving arcs were more sensitive to RNase Figures 3 and 5) , which may be due, at least in part, to relaxation and unwinding in the 6B and Figure 6C versus Figure 6D ). This is consistent with the idea that the molecules comprising these arcs vicinity of the replication fork. Degradation of ribonucleotides in a region that forms an RNA-DNA hybrid will are substantially duplex. In contrast, SSB treatment induced a marked mobility shift in the sub-Y arc characteryield a partially single-stranded molecule that is sensitive to S1 nuclease digestion and can also bind SSB, istic of mtDNA from crude mitochondria, which lacked slow-moving arcs ( Figure 6E versus Figure 6F) .
i.e., will yield molecular species of the type seen in the crude mitochondrial preparations. Where ribonucleoIncubation of mtDNA from crude mitochondria with SSB before rather than after restriction digestion gave tides are preserved, novel, slow-moving Y-like arcs would be expected, as few restriction enzymes cleave a different result. Although the sub-Y arc was again diminished, slow-moving arcs appeared (e.g., Figure  RNA -DNA hybrids. Clearly, this was the case for prepa-6G), which were very similar to those seen in mtDNA rations of mtDNA from highly purified mitochondria. Furfrom gradient-purified mitochondria. RNase H digestion thermore, limited RNase H digestion of these mtDNA of crude mtDNA eliminated the sub-Y arc (Figure 6H) , samples resulted in loss of the slow-moving arcs and and subsequent treatment with SSB had no further efthe appearance of molecular species similar to those fect ( Figure 6I) . seen in mtDNA from crude mitochondria. The simplest interpretation of these experiments is that sucrose density-gradient purification of mitochondria Could Spontaneous RNA Hybridization to Partially eliminates cellular contaminants present in the cruder Single-Stranded RIs during Extraction Account preparations. These contaminants include RNase H or for the Findings? similar nucleases that remain active during at least the Incubation of crude rat liver mtDNA with purified mitofirst steps of nucleic acid extraction. The removal of these chondrial RNA failed to create slow-moving Y-like arcs, contaminants allows mtDNA to be extracted under consuggesting that such arcs were not the result of adventiditions in which ribonucleotides remain intact in replicattious RNA hybridization (see Supplemental Figure S3 ing molecules. The wide distribution of RNase H1 available at http://www.cell.com/cgi/content/full/111/4/ 495/DC1).
throughout the cell has recently been demonstrated by Moreover, some regions of the H-strand were efficiently The slow-moving arcs are only partially resistant to digested to single-stranded fragments by RNase One, RNase One (or nuclease S1), although they remain eswhereas others yielded almost exclusively doublesentially unmodified by SSB. It may be inferred that even stranded DNA fragments (compare the various images in the purest mitochondrial preparations, RIs possess of Figure 2C ). Our interpretation of this is illustrated in limited regions of single-stranded character. In princi- Figure 7 . ple, this could be explained in two ways. Either the Exposure to RNase H, as during DNA extraction from purest mitochondrial preparations that we were able to crude mitochondria, removes RNA patches longer than obtain are still contaminated with low levels of RNase four nucleotides, but should leave single ribonucleotides H that remains active during extraction, or else short, undigested ( Figure 7A ). Any single ribonucleotides losingle-stranded regions are actually present, e.g., close cated on the opposite strand, in the single-stranded to the advancing replication fork. Such short regions gaps that result, should then be digestible by RNase should be evident even in conventional, strand-coupled One, resulting in the fragmentation of the remaining RIs, since lagging-strand initiation typically occurs every strand to short DNA fragments. Conversely, in regions few hundred base pairs.
where ribonucleotide patches are short and infrequent on both strands, RNase H will simply introduce occaDistribution and Abundance of Ribonucleotides sional nicks. Only those single ribonucleotides on the in Replicating Rat mtDNA opposite strand that are located immediately adjacent to There was no evidence of a substantial difference in the sites of such nicks will be digestible by subsequent ribonucleotide content between the two strands of nonRNase One treatment, and the final product will be dureplicating mtDNA, based on alkali or heat treatment plex DNA fragments of substantial length. (Figures 1C and 1E) . However, the distribution of ribonuThus, in non-replicating mtDNA ( Figure 7B ), ribonuclecleotides in replicating rat mtDNA appears to be highly otide patches on both strands are short and infrequent, strand-biased, as well as non-uniform over the mitothough nevertheless sufficient to result in fragmentation chondrial genome. After RNase One treatment of crude after extensive digestion with RNase H, alkali treatment, mtDNA samples, replication intermediates were deor prolonged heating (Figure 1) . In replicating molecules, (Figures 7C and 7D) , some portions of the lagging graded to a mixture of double-and single-stranded DNA The presence of significant numbers of ribonucleotides sub-Y arcs on 2D gels (Figures 3-6) . In contrast, even in mammalian mtDNA may be germane to its apparently in replicating molecules, the H-strand appears to be prolonged replication time, estimated at approximately largely spared from RNase digestion, giving limit singletwo hours (Bogenhagen and Clayton, 1977 
Asymmetric mtDNA Replication Model
There appear to be a number of intriguing parallels The strand-asymmetric model of mtDNA replication between mammalian mtDNA and the prokaryotic plas-(Clayton, 1982) was based upon analyses of mtDNA mid ColE1. Like mammalian mtDNA, ColE1 is maintained samples that contained molecules with apparently suband propagated as a circular molecule. It undergoes stantial regions of single-stranded character. As docuunidirectional replication (Inselburg, 1974) and also inmented here, such molecules are absent from mtDNA corporates ribonucleotides under some growth condiextracted from highly purified mitochondria of various tions, e.g., when cells are grown in the presence of mammalian tissues, yet can easily be generated during chloramphenicol (Blair et al., 1972) . This has been sug-DNA extraction from cruder mitochondria. Since extengested to arise from loss of an inherently unstable "nusive ribonucleotide-rich regions occur only on the newly cleotide discrimination factor" from E. coli replisomes, synthesized L-strand, their loss during DNA extraction when protein synthesis is inhibited. Further examination would generate molecules very similar in structure to of this issue in E. coli may help elucidate how ribonucleothose proposed by the strand-asymmetric model. Our tide incorporation into mammalian mtDNA is regulated. data do not exclude the possibility that strand-asymmetGiven the recognized advantages of DNA over RNA, ric replication may apply in some contexts, for example, it remains an enigma why the majority of mitochondrial in cultured cells. Nevertheless, in the tissues tested, DNA molecules should contain significant numbers of the contribution of non-standard mechanisms of mtDNA ribonucleotides. One possibility is that a "complete" replication must be minor.
DNA genome is in fact maintained at low abundance, A short D-loop, synthesized near O H , is found in many perhaps in a protected environment, to serve as a master copies of mtDNA of some tissues and cell lines, includcopy or mitochondrial germline. Inclusion of ribonucleoing rat liver (DeFrancesco and Attardi, 1981; Gillum and tides in the chimeric genome may then be what marks Clayton, 1978) . The short single-stranded stretch of DNA it as merely a "working copy". can readily be detached and is also evident on BrewerFangman gels, where it resolves on the single-strand 
